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epitaxy 



SYLLABICATION: ep-i-taxy 
PRONUNCIATION : ^ g p Wse 

NOUN: Inflected forms: pi. ep-i-tax-ies 

The growth of the crystals of one mineral on the crystal face of another 
mineral, such that the crystalline substrates of both minerals have the 
same structural orientation. 
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Subject of Current Study by Assistant Professor, Mr. Koichro Oishi 

Study on epitaxial growth of chalcopyrite compound 

Chalcopyrite compounds are materials on which study has been promoted as 
materials to be used mainly in photoelectronic elements. Research and development 
thereof as a material of thin film solar cells have been advanced the most. 

Epitaxial growth is a phenomenon that in growing crystals of a thin film on a 
monocrystal substrate, the crystals is grown in a specified orientation under the 
influence of the crystal orientation of the substrate. Normally, electrical and optical 
characteristics of a material lower when undergoing thin film fabrication. However, if 
a complete monocrystal film could be grown, the inherent characteristics of the material 
are maintained, attaining wide application to various kinds of elements. 

The present study aims at realizing an element having an unprecedented, 
enhanced function by combining thin films of chalcopyrite compounds grown on a 
substrate of typical semiconductors, silicon (Si), gallium arsenide (GaAs), and gallium 
phosphide (GaP). 

As shown in FIG. 1 , though it is analogous to diamond structure and zinc blend 
structure of cubic systems, the chalcopyrite structure is a crystal structure of a tetragonal 
system like one in which these two structures are stucked. In growing a film of a 
tetragonal system on a (100) substrate of a cubic system, it is expected that the 
orientation as shown in FIG. 2 is obtained geometrically when the orientation of the 
substrate affects the film growth. 

FIG 1 Comparison of crystal structures among materials used in the present study 
Diamond structure (Si/Ge) Zinc blend structure (GaAs/GaP) Chalcopyrite structure 

FIG. 2 Orientation in chalcopyrite compound thin film expected to be grown on 
Si/GaAs/GaP ( 1 00) substrate 

To date, I have dominantly devoted myself to study for growing CuGaS2 as a 
chalcopyrite compound on a Si (100) substrate. My study has concentrated on 
crystallographic evaluation using X-ray diffraction and reflection high energy electron 
diffraction (RHEED) to reveal the orientations of the films as shown in FIG. 3 and FIG 
4. 
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FIG. 3 Orientation in CuGaS2 thin film grown on Si (100) substrate (analysis result) 

FIG 4 Orientation in CuGaS 2 thin film grown on GaAs/GaP (100) substrate (analysis 
result) 

At present, I am examining whether the energy conversion efficiency can be 
increased by combining CuInS 2 as a chalcopyrite compound with Si that is used 
generally the most as a material of solar cells. CuInS 2 is an attractive material in its 
optical characteristic as a material of solar cells, and the idea of combining CuInS 2 with 
Si is formed in view of the following points. Namely, my attention is directed to the 
following points: 

• There is possibility of increasing the energy conversion efficiency by allowing the 
compound to be in tandem with a silicon solar cell which has been widespread the 
most and of which technology has been already established. 

• None of the structural elements, i.e., copper (Cu), indium (In), and sulfur (S) exhibit 
strong toxicity. 

Structure/orientation evaluation of thin film crystals by reflection high energy 
electron diffraction 

• Is crystallographic evaluation of thin films only by X-ray diffraction sufficient? 

Crystallographic evaluation is essential in research and development of electronic 
materials. For the "crystallographic evaluation," there are various kinds of methods, 
and the most general evaluation method for bulk samples may be an analysis of 20-0 
scan measurement by the X-ray diffraction. 

In the 20-0 X-ray diffraction, however, insufficient information for discussing 
and examining the crystal orientations of the monocrystal and epitaxial films, and the 
like is obtained. The reason is that: while . the 20-0 X-ray diffraction, which is some 
times called powder X-ray diffraction, originally aims at identification of powder crystal 
samples and performs evaluation by comparing peak points and intensity ratios between 
measurement data and an ASTM card as a reference, the measurement data of the 
monocrystal and epitaxial films (and films having some specified orientations) includes 
less number of diffraction peaks and only information on peak points can be utilized 
accordingly. 

Referring to the above-mentioned question, if an X-ray diffraction system 
designed for structure/orientation evaluation of thin film crystals is: 
available, the answer is YES; or 
not available, the answer is NO. 
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• What is reflection high energy electron diffraction (RHEED)? 

For explaining the reflection high energy electron diffraction (RHEED), the 
concepts of "reciprocal lattice" and "Ewald sphere" should be introduced. 

When the condition of Bragg diffraction: 
2dsinQ=nk 

is satisfied, waves of X-rays or electron beams scattered at the same angle as an incident 
angle 0 on crystal planes at interplanar spacing d agree in their phase with the incident 
waves to be amplified. 

Meanwhile, in "reciprocal lattice mapping" in the RHEED and the X-ray 
diffraction, diffraction phenomena are observed two-dimensionally by employing the 
concepts of the reciprocal lattice and the Ewald sphere. FIG. 5 shows the relationship 
between the reciprocal lattice and the Ewald sphere. The reciprocal lattice can be 
drafted with a crystal structure of a material, k and k' denote wave vectors of an 
incident wave and a reflected wave, respectively (each scale depends on the wavelength 
and the acceleration voltage of the X-ray or the electron beam to be used, and the like.). 

FIG. 5 Reciprocal lattice and Ewald sphere 

In FIG. 5, the lattice plane corresponding to the reciprocal lattice point hkl on 
the Ewald sphere satisfies the condition of Bragg diffraction. No difference lies 
between in the X-ray diffraction and in the electron diffraction up to this stage. 

The scale of Ewald sphere is the difference between the RHEED and the X-ray 
diffraction. The Ewald sphere in the RHEED is so large that it can be regarded as a 
plane in the reciprocal lattice, and therefore, the reciprocal lattice around the origin is 
projected directly to a screen. 

FIG. 6 Relationship between reciprocal lattice and Ewald sphere in RHEED 

The reciprocal lattice of crystals can be calculated with the crystal structure and 
the coordinates of respective atoms within a unit cell, enabling detail analysis of the 
crystal structure and the orientation by performing reciprocal lattice simulation and 
using the observed RHEED pattern. 

• Analysis example (sample: CuGaS2 thin film grown on Si (100) substrate) 

Orientation evaluation only by 29-0 X-ray diffraction results in FIG. 7. The 
upper X-ray diffraction pattern indicates orientation mixture of (A) and (B) while the 
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lower pattern indicates only orientation of (A). 

FIG. 7 Orientation evaluation by 29-6 X-ray diffraction 

X-ray diffraction pattern Analysis result 

Meanwhile, the crystal structure and the coordinates of the respective atoms of 
the chalcopyrite compound are known. So, geometrical assumption of the orientation 
as shown in FIG. 2 enables simulation of the sample RHEED pattern as shown in FIG 8. 

FIG 8 RHEED pattern simulation 

Pattern simulation on orientation (A) 
Pattern simulation on orientation (B) 
Pattern simulation on orientation mixture of (A) and (B) 

Though it had been expected that the sample indicating the X-ray diffraction 
pattern as shown in FIG. 9 has crystals in the orientation (A) in FIG. 7, the actually 
obtained RHEED pattern did not match with the pattern obtained by the simulation 
shown in FIG 8. 

FIG 9 X-ray diffraction pattern and RHEED pattern obtained from the same sample 
X-ray diffraction pattern 
RHEED pattern 

The result of the simulation as in FIG 8 and the analysis as shown in FIG 10 to 
this RHEED leads to a conclusion that the resultant orientation is as shown in FIG 3. 

FIG 10 Analysis of RHED pattern 

The above analysis can be performed by vector drafting and calculation using 
Excel or the like if the crystal structure, lattice constant, and coordinates of the 
respective atoms within the unit cell of the sample are known. 
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All-epitaxial fabrication of thick, orientation-patterned GaAs films 
for nonlinear optical frequency conversion 

L. A. Eyres, a) P. J. Tourreau, b) T. J. Pinguet, C. B. Ebert, c) J. S. Harris, and M. M. Fejer 

Center for Nonlinear Optical Materials, Stanford University, Stanford, California 94305-4090 

L Becouarn, d) B. Gerard, and E. Lallier 

Labor atoire Central de Recherches, THALES, Domaine de Corbeville-91404 Orsay Cedex, France 
(Received 19 February 2001; accepted for publication 12 June 2001) 

Orientation-patterned GaAs (OPGaAs) films of 200 yum thickness have been grown by hydride 
vapor phase epitaxy (HVPE) on an orientation-patterned template fabricated by molecular beam 
epitaxy (MBE). Fabrication of the templates utilized only MBE and chemical etching, taking 
advantage of GaAs/Ge/GaAs heteroepitaxy to control the crystal orientation of the top GaAs film 
relative to the substrate. Antiphase domain boundaries were observed to propagate vertically under 
HVPE growth conditions so that the domain duty cycle was preserved through the thick GaAs for 
all domain periods attempted. Quasiphase-matched frequency doubling of a C0 2 laser was 
demonstrated with the beam confocally focused through a 4.6 mm long OPGaAs film. © 200 J 
American Institute of Physics. [DOI: 10.1063/1.1389326] 



Though GaAs has many advantageous characteristics for 
nonlinear optical frequency conversion including a large 
nonlinear susceptibility (cf, 4 5=90 pm/V), transparency from 
1.0 fjm to beyond 12 /*m, and a high thermal conductivity 
(46 W/mK), its isotropic nature precludes birefringent 
phasematching. GaAs and other potentially useful zincblende 
semiconductors like ZnSe are not ferroelectric and no tech- 
niques analogous to electric field poling in LiNb0 3 exist for 
inducing a quasi-phase-matching (QPM) 1 domain grating in 
an already grown crystal. This QPM problem was solved first 
by the stack of plates approach 2 and made practical with the 
addition of wafer bonding. 3,4 This approach proved success- 
ful and capable of generating crystals of large aperture, but 
remains limited, as it is a serial fabrication process. In addi- 
tion, fabricating very short period gratings by these tech- 
niques is extremely challenging. First order QPM of para- 
metric processes pumped at X— 1.064, 1.55, and 2.1 /im 
require domain periods around A = 9, 27, and 60 jjan, respec- 
tively, where the period A and coherence length l c are de- 
fined as 



using the wavelengths X and refractive indices n of the 
pump, signal, and idler waves. 

Techniques have also been developed which make pos- 
sible the epitaxial growth of orientation-patterned semicon- 
ductor films using either wafer-bonded templates 5 or all- 
epitaxially fabricated templates. 6,7 Work to date has focused 
on waveguide devices, but the same techniques can produce 
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orientation templates for growth of films thick enough for 
focusing gaussian beams through the film aperture. Bulk fo- 
cusing through thick apertures eliminates the limitations on 
power handling that result from the small apertures of wave- 
guide devices. Beaucarn et al z have demonstrated growth of 
GaAs orientation-patterned layers on polished wafer-bonded 
stacks of plates. Combining epitaxial template technology 
and thick GaAs growth enables a more practical approach to 
fabrication of thick orientation-patterned GaAs films. We re- 
port here the fabrication of 200-/xm-thick orientation- 
patterned GaAs (OPGaAs) films and demonstrate the feasi- 
bility of growing apertures suitable for bulk frequency 
conversion with excellent domain quality. We have per- 
formed frequency doubling of C0 2 laser radiation with near 
theoretical efficiency in these films and observe good optical 
transmission in the near and mid-IR. 

The OPGaAs films are fabricated by a multistep process 
illustrated in Fig. 1. First, GaAs/Ge/GaAs heteroepitaxy 6 is 
used to create an inverted or antiphase GaAs layer on a GaAs 
substrate [Fig. 1(a)], after which this wafer is patterned to 
create an orientation template [Fig. 1 (b)]. This template then 
undergoes two epitaxial growth steps to produce the thick 
OPGaAs film [Figs. 1(c) and 1(d)]. 

More specifically, a 1-yum-thick GaAs/Al 0 8 Gao -2 As su- 
perlattice buffer terminating in a final 1000 A GaAs layer is 
grown by molecular beam epitaxy (MBE) on a (100) GaAs 
wafer misoriented 4° towards (lll)B. The superlattice buffer 
is required to prevent roughening of the wafer surface during 
growth. A 30 A Ge layer is then grown on top of the GaAs at 
350 °C, followed by exposure to an As 2 prelayer at 500° and 
growth of a 200 A GaAs layer at 500 °C whose crystallo- 
graphic orientation is rotated 90° around the [100] direction 
with respect to the substrate, equivalent to an inversion in the 
43 m zincblende structure. Finally, a top 500 A Alo.gGaozAs 
layer is grown to protect the underlying GaAs from contami- 
nation. All MBE growth was performed using a Varian Gen 
II MBE system with a valved arsenic cracker. Exposure and 
development of a photoresist etch mask followed by chemi- 
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FIG. I. Fabrication process for thick orientation-patterned GaAs. ± indi- 
cates both the polarity of the GaAs layers and the sign of the nonlinear 
susceptibility. 



cal etching down to the substrate produces an orientation 
grating pattern across the wafer surface. Employing a selec- 
tive etch (citric acid/hydrogen peroxide in a 4:1 ratio), 9 we 
stop at the top Al^gGa^As etch stop layer of the superlat- 
tlce, after which the top protective Al 0 . 8 Gao 2 As and the etch 
stop are removed using 1:1 HC1/H 2 0. A final brief dip in 
H 2 0 2 followed by 1:1 HC1:H 2 0 was necessary to eliminate 
aluminum-containing residues which caused large defect 
densities in regrown films. XPS analysis of the wafer surface 
before the additional H 2 0 2 dip revealed enhanced Al and O 
concentrations which disappeared after additional dipping in 
H 2 0 2 and HC1:H 2 0. The patterned orientation template pro- 
duced by this process [Fig. 1 (b)] was then placed back into 
the MBE system for growth of 5 /nm GaAs as a seed layer 
for subsequent thick GaAs growth. 

Hydride vapor phase epitaxy (HVPE) growth was per- 
formed using a conventional AsH 3 /Ga+HCl/H 2 transport 
system. The hot-wall horizontal quartz reactor has two inlets, 
one for flow of HC1 + H 2 over the 7N Ga source (providing 
GaCl) and the other for AsH 3 , H 2 carrier flow, and additional 
HCL Total flow is about 1 slm. The temperatures of the Ga 
source and of the GaAs substrate were 850 and 750 °C re- 
spectively, and the growth occurred at atmospheric pressure. 
The vertical growth rate was about 10 /xm/h. By varying the 
vapor phase composition (II W) ratio between 3 and 10), 
different stable lateral sidewall facets, either {011} or {111}, 
have been demonstrated in selective-area-masked stripe 
growth on (100) surfaces by HVPE. 10 For the present experi- 
ments we used the growth conditions suitable for {011} side- 
walls, which resulted in vertical antiphase domain bound- 
aries. 

Figures 2(a) and 2(b) show a top view and stain-etched 
Downloaded 15 Jul 2002 to 171.64.87.159. Redistribution subject 
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FIG. 2. Top view (a) and stain-etched cross section (b) of 200-ftm-thick 
orientation-patterned GaAs film with 27 /xm grating period. Crystal orien- 
tations shown are those of the substrate. 



cross-section of a 200-/xm-thick OPGaAs film with an an- 
tiphase domain period of 27 /xm (13.5 juum wide domains). 
The k vector of the orientation grating is aligned along the 
substrate [01 1] so the antiphase boundaries (APBs) lie nomi- 
nally in {011}. The APBs propagate almost exclusively ver- 
tically, which preserves the intended domain duty cycle dur- 
ing HPVE growth. With the stable domain propagation 
observed here, it is reasonable to consider growth of milli- 
meter scale films with similar domain periods. OPGaAs films 
with gratings aligned in the orthogonal direction (grating k 
vector along the substrate [011]; down the surface atomic 
steps) are significantly rougher and have lower domain qual- 
ity. Probably the presence of APBs impedes the propagation 
of atomic steps across the surface during epitaxial growth 
and leads to larger corrugations and enhanced probability of 
domain overgrowth. 

Two domains visible in Fig. 2 are interrupted, with the 
cross section indicating that the domains close over suddenly 
after growing vertically for much of the film thickness. Ex- 
amination of the film surface and polished domain cross sec- 
tions indicates that most of these interruptions originate at 
the template and increase linearly in length with increasing 
film thickness. Template defects which could nucleate the 
interruptions include lithographic defects, oval defects in the 
MBE-grown films, or contamination resulting from the wet 
processing. 

End facets were polished on [011] faces of a 4.6 mm 
long piece of OPGaAs having the 212 jjltu domain period 
required for frequency doubling of 10.6 /um radiation. The 
C0 2 laser beam was focused to a 50 fxn\ waist using BaF 2 
lenses to make it approximately confocal in the OPGaAs 
crystal. Using the GaAs refractive index model of Ref. 11, 
we can calculate the expected sample transmission including 
two Fresnel reflections to be 51.4%. The maximum measured 
transmission at 10.5 yum was 50.6%. More accurate attenua- 
tion measurements await thicker OPGaAs apertures where 
to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp 
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FIG. 3. Internal second harmonic generation efficiency as a function of 
fundamental wavelength for 4.6 mm long OPGaAs film with 212 jxm do- 
main period. Continuous line shows efficiency predicted using refractive 
index model in Ref. 1 1 ; dashed line is theoretical efficiency with additional 
dispersion shift of An = 0.0003. 

beam clipping at the top air/GaAs interface and highly doped 
substrate can be eliminated. For second harmonic generation 
a sapphire plate was used to filter out the fundamental radia- 
tion before the second harmonic signal passed through a 
chopper and onto a pyroelectric detector. The_pump radiation 
was polarized in the plane of the film ([1 10]), while the 
generated second harmonic was polarized orthogonal to that 
direction ([001]) as determined by the symmetry of c/ J4 . 

Figure 3 shows the measured internal harmonic genera- 
tion efficiency as a function of fundamental wavelength. The 
solid line is the tuning predicted with the dispersion relation 
of Ref. 1 1 . The prediction is quite sensitive to small changes 
in the dispersion; increasing the dispersion between funda- 
mental and harmonic by Aw = 0.0003 results in the dashed 
curve. Note that Ref. 1 1 reports a rms refractive index devia- 
tion between data and model of ~ 0.004, larger than that 
necessary to explain the discrepancy between model and 
data. Extending the measurement to 11 /xm would have 
helped resolve the ambiguity in the dispersion behavior, but 
the C0 2 laser available for the experiment could not be tuned 
beyond 1 0.5 ^m. A lower bound on the effective nonlinear 



coefficient can be obtained by assuming the 10.6 /urn data 
point represents the peak of the tuning curve. The result is 47 
pm/V. If the dispersion relation used to generate the dashed 
curve is correct, the best fit value is 55 pm/V. The pre- 
dicted value assuming ^ M =90pnW is d e{f =(2/7r)*d lA 
= 57pm//V. 

We have demonstrated the growth of thick orientation- 
patterned GaAs films using all-epitaxial techniques and the 
frequency doubling of a C0 2 laser in those films. The an- 
tiphase boundaries between regions of opposite orientation 
propagate vertically under HVPE growth conditions so that 
the domain duty cycle is preserved. The observed vertical 
domain propagation with short domain periods offers strong 
reasons for optimism about fabricating millimeter-scale films 
with the thin domains required for quasi-phase-matched fre- 
quency conversion of mid-IR radiation. 
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